Titanium alloys are well known to present poor sliding behaviour and high wear values. Various coatings and treatments have been tested to prevent such an occurrence under fretting conditions at high frequency of displacement (100 Hz). An original test apparatus, using an open-loop system instead of a classical imposed displacement simulator, has been performed to directly display the phenomenon of seizure, defined as the stopping of the relative motion between the contacting elements. A classification of the tested coatings has been proposed on the basis of their capacity to maintain full or partial sliding conditions, to present low wear rates and to prevent seizure.
INTRODUCTION
The damage produced by oscillatory movements of weak amplitude (fretting) applied to two contacting surfaces is often considered as especially disastrous for industrial installations. The two main types of damage identified on such surfaces are crack pattern (failure risk) and particle detachment (material lost) [1] . The first type of damage occurs when surfaces are subjected to cyclic stresses under imposed amplitude of displacement. The nucleation and propagation of fatigue cracks are most favoured by partial sliding conditions where the central area of contact stays stuck. A way to prevent crack damage consists of favouring the full sliding conditions. These conditions can be reached with regard to only imposed displacements increasing in size the higher the applied load. However, these sliding conditions involve the production of wear particles with loss of material. Palliative materials and coatings like soft coatings often avoid fatigue crack propagation while hard ones rather decrease wear [2] . Also, solid lubricants in the form of bounded coatings usually reduce friction and wear.
Titanium alloys are well known to present poor sliding behaviour and high wear values. The present study proposes a classification of the sliding ability of various coatings deposited on a titanium alloy under free displacement mode. The test apparatus has been developed to directly reveal the phenomenon of seizure (sticking condition) defined as the stopping of relative motion between the contacting surfaces as a result of interfacial adhesion. The determination of partial slip / full slip transitions, the mechanisms of surface accommodation and the wear behaviour, are also studied.
MATERIALS AND EXPERIMENTAL WORK
Soft thick coatings (copper-nickel alloys), thin hard coatings (amorphous carbon, silicon nitride referred to as SN1 and SN2) and surface treatments (plasma nitridations referred to as N1, N2 and N3) have been selected to reinforce a α+β titanium alloy substrate (Ti6Al4V). Thickness t, hardness H and average roughness Ra of each coating are shown in table 1.
Table 1. Main properties of the studied materials. Values of
H associated to an absolute uncertainty, proceed from nanoindentation measurements. 
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made of untreated Ti6Al4V (as received) for the tests as a whole. The experiments were conducted at constant frequency f = 100 Hz for N = 10 6 cycles over an amplitude of the displacement set-point 2 c = 100 m (± 50 m). The applied normal loads P were 6 and 10 N. Finally, fretting cycles were selectively recorded to determine the sliding (full or partial) or seizure conditions, the cycle aperture 0 and the dissipated energy in the contact zone E d (corresponding to the area of the cycle), at different test times.
RESULTS AND DISCUSION
As a consequence of the open-loop working system, the real displacement measurement is directly linked to the tangential force value. A decrease in the measured displacement during the test is then systematically followed by an increase in the value of the tangential force and vice versa. Thus, seizure is identified as the result of both the sudden drop in the measured amplitude of displacement (below ± 5 m) and the closure of the fretting cycle.
At low load, no permanent seizure appears before 10 6 cycles. The fretting cycles analysis indicates that he behaviour of the copper-nickel coatings is essentially relevant to full sliding conditions. In contrast, the hard coatings and hardening treatments may be affected by complex mixed regimes combining more or less short periods of full sliding, partial sliding or seizure conditions. Thus, the copper-nickel coatings show total sliding distances D 0 (D 0 = 4 0 ) much higher than the hard coatings. More over, the nitridation treatments N1 and N2 reveal values very low, while the nitrided sample N3 displays performances similar to the hard coatings.
At high load, all the samples led to a permanent seizure. The best results are obtained by the CuNiIn+MoS 2 coating and to a lesser degree by the DLC coating. These two coatings are known to exhibit solid lubricant features.
The observations of the damage patterns show that the displacement accommodation is mainly linked to the delamination of a third body layer, rather thick and intensively sheared, mixing the different components of the coating, treatment, substrate and pin. The low hardness of CuNi coatings leads to a large friction scar (1 mm in diameter). This extensive area of contact allows a marked decrease of the contact pressure, but gives cause for a severe wear only balanced by its great thickness. Yet, in the presence of an additional coating of MoS 2 , the wear depth is reduced. Furthermore, the thin and hard coatings are not resistant enough to avoid the substrate damage. However, the amorphous carbon DLC and the silicon nitride SN2, as also the nitridation N3 prove to be interesting palliatives insofar as they partially reach certain conditions in terms of reduced wear and low aggressiveness against the slider. These results emphasize that thin and hard coatings are not sufficient to totally protect the substrate but they are already able to efficiently reduce wear.
Finally, some considerations have been established between the total sliding distance and on one hand, the total dissipated energy (E dt = E d ) in the contact ( figure 1) and, on the other hand, the ratio of the total dissipated energy on the total wear volume (V (p+d) ) of the two sliding bodies (figure 2). These correlations give two distinct trends separating the behaviour of soft and ductile coatings from the behaviour of hard and thin coatings and treatments. These results suggest strong correlations between the dissipated energy and the creation and the elimination of debris out of the contact. Thus, the hard coatings and the nitridation treatments, by reducing the size of contact area, favour the ejection of weakly adhesive debris. The titanium substrate is then quickly in contact with the slider which implies a marked decrease in the amplitude of displacement and therefore in the sliding distance. On the contrary, the thicker and softer coatings bend to spread stresses, trap their debris to limit direct interactions between slider and substrate that enable them to keep higher amplitude of displacement.
The total sliding distance D 0 proves to be a pertinent parameter to study the seizure resistance. This sliding distance is linked to the total energy dissipated in the contact E dt , i.e. the energy used to move the samples. This dissipated energy gathers the overall phenomena implied in the contact during friction and more particularly the particle detachment from the surfaces, the forming of adhesive layers, the shearing of these layers and the debris transportation through out the contact zone. 
